The machining of cavities for blow molding is a long and costly process, with the objective of obtaining an excellent surface finish with the minimal possible electrical energy consumption (EEC). This work has studied which combination of cutting parameters and cutting strategies to use to achieve an optimum surface finish on the mold using the minimal associated EEC: in roughing operation, tool path strategy and axial depth of cut were studied; in finishing operation, tool path strategy, spindle-speed, feed-rate, and step-over were evaluated. Thirty-two molds were machined in blocks of aluminium alloy EN-AW 7075 T6 in a machining center of a three-axis, following an orthogonal design of experiments. The analysis of results demonstrates that: a roughing strategy has influence on the surface roughness on the bottom of the mold; a finishing strategy is an influential factor on the surface roughness on the walls of the mold; certain parameters have no relevance on the surface roughness but have an influence on the EEC; an adequate selection of cutting strategies and cutting parameters permit an improvement of surface roughness of up to 70%, and a reduction of 40% in EEC, compared to the less favorable tests.
Introduction
Metal molds are some of the tools most used in the industry today. They are used to shape thermoplastic materials through different techniques [1] : injection (parts for the car industry), thermoforming (packaging), rotational molding (kayaks), and compression molding and blow molding (food containers).
The molds are produced by milling, in a machining center with a three-or five-axis [2] . The machining of the molds is undertaken in two stages. The first stage, known as roughing, is for the elimination of the main mold cavity without being concerned with the surface roughness obtained. This operation is usually carried out with a robust flat-end tool. The second stage, known as finishing, permits a fine surface roughness, eliminating the remaining material. This is usually carried out with tools of a smaller diameter and hemispherical end.
The tool-path that the tool has to follow during both phases of milling is undertaken by a pocketing strategy. There are multiple types of strategies, although the most used and studied are the raster (zig-zag, ZZ) and 3-D offset (contour-parallel, CP) [3] .
In the manufacturing of a mold, the most important parameter is the surface roughness obtained [4] . In the literature, there is an abundance of references on the study of technical parameters with greater influence on surface finishing [5] [6] [7] [8] . Normally, geometrically simple molds are chosen, The material used to machine the molds was an EN AW 7075 T6. It is an Al-Zn-Mg-(Cu) alloy, hardened by precipitation and with a high resistance to tensile strength (500-530 MPa). It is used to manufacture molds used in the plastic industry [27] .
Each cavity was machined in two stages ( Figure 2 ). The roughness stage was carried out with a tungsten-carbide cylindrical flat-end milling tool with an 8 mm diameter, and two cutting edges with a helical angle of 45° (DIN 6527). The finishing stage was carried out with a tungsten-carbide hemispherical tool, titanium nitride coated (TiN), with a 5 mm diameter. The path and working numerical control (NC) code was generated by means of a Mastercam software program (Version v10.2 MR2, CNC Software Inc., Tolland, CT, USA) [28] . During the roughing stage, the tool worked according to the manufacturer recommendations: spindle-speed equal to 6366 rpm, feed-rate in radial direction equal to 764 mm/min, feed-rate in axial direction equal to 382 mm/min, and step-over equal to 4 mm. The values used for the rest of the parameters for roughing and finishing are shown in Table 1 . To study the influence of these parameters on the output variables, an orthogonal design of experiments was developed, as seen in Table 2 [29] . The material used to machine the molds was an EN AW 7075 T6. It is an Al-Zn-Mg-(Cu) alloy, hardened by precipitation and with a high resistance to tensile strength (500-530 MPa). It is used to manufacture molds used in the plastic industry [27] .
Each cavity was machined in two stages ( Figure 2 ). The roughness stage was carried out with a tungsten-carbide cylindrical flat-end milling tool with an 8 mm diameter, and two cutting edges with a helical angle of 45 • (DIN 6527). The finishing stage was carried out with a tungsten-carbide hemispherical tool, titanium nitride coated (TiN), with a 5 mm diameter. The path and working numerical control (NC) code was generated by means of a Mastercam software program (Version v10.2 MR2, CNC Software Inc., Tolland, CT, USA) [28] . The material used to machine the molds was an EN AW 7075 T6. It is an Al-Zn-Mg-(Cu) alloy, hardened by precipitation and with a high resistance to tensile strength (500-530 MPa). It is used to manufacture molds used in the plastic industry [27] .
Each cavity was machined in two stages ( Figure 2 ). The roughness stage was carried out with a tungsten-carbide cylindrical flat-end milling tool with an 8 mm diameter, and two cutting edges with a helical angle of 45° (DIN 6527). The finishing stage was carried out with a tungsten-carbide hemispherical tool, titanium nitride coated (TiN), with a 5 mm diameter. The path and working numerical control (NC) code was generated by means of a Mastercam software program (Version v10.2 MR2, CNC Software Inc., Tolland, CT, USA) [28] . During the roughing stage, the tool worked according to the manufacturer recommendations: spindle-speed equal to 6366 rpm, feed-rate in radial direction equal to 764 mm/min, feed-rate in axial direction equal to 382 mm/min, and step-over equal to 4 mm. The values used for the rest of the parameters for roughing and finishing are shown in Table 1 . To study the influence of these parameters on the output variables, an orthogonal design of experiments was developed, as seen in Table 2 [29] . During the roughing stage, the tool worked according to the manufacturer recommendations: spindle-speed equal to 6366 rpm, feed-rate in radial direction equal to 764 mm/min, feed-rate in axial direction equal to 382 mm/min, and step-over equal to 4 mm. The values used for the rest of the parameters for roughing and finishing are shown in Table 1 . To study the influence of these parameters on the output variables, an orthogonal design of experiments was developed, as seen in Table 2 [29] . 
The EEC of the machining center was measured on each test by Chauvin Arnoux PEL 103 equipment (Chauvin Arnoux, Paris, France) [20] . The EEC during a milling process depended on the electrical power of the machining center and the machining time:
• According Yoon et al. [19] , the energy consumed by a machining center has the following distribution: basic consumption (52%), coolant pump (19%), stage movement (1%), spindle rotation (21%), cutting (7%). During the tests, the terms basic consumption, coolant pump, and stage movement did not change, so the data logger measures allowed us to know the differences in the terms spindle rotation and cutting.
•
In the other hand, every strategy (ZZ, CP, ZZ 0 • , and ZZ 45 • ) generated a particular machining time. This fact produced different EEC for the same feed-rate of spindle speed.
The surface roughness was measured by a Mitutoyo roughness meter, SJ-201P model (Mitutoyo Corporation, Sakado, Japan) ( Figure 2 ). Five measurements were taken in each plane of the bottom of the 3-D pocket. The cut-off value was selected as recommended by ISO 4288 [30] .
To analyze the influence of each parameter or strategy, the Taguchi method was used [31] . This method allows one to find optimal process values for improving the quality characteristics in a manufacturing process [9] . Through the use of orthogonal arrays, the Taguchi method allows one to completely study the space within a parameter with a reduced amount of experiments. Taguchi recommends using the signal-to-noise ratio (S/N ratio) in order to determine the quality characteristics implemented in problems that arise in design engineering (in this instance, "the smaller the better" was used).
In addition to the S/N ratio, a statistical analysis of variance (ANOVA) was used to certify the influence of studied parameters and strategies on surface roughness and EEC. In this way, the optimal levels of process parameters and strategies could be estimated.
Results
The measurements for surface roughness, Ra (µm), at the base (B) and walls (W) of the molds and the EEC (kJ) [21, 24] corresponding to each of the 32 tests undertaken are shown in Table 3 . This table also shows the active electrical energy consumed by the machining center during each cycle of milling. From this data, and by means of statistical software, the mean of the means and the signal to noise relation (S/N ratio) was calculated for each parameter and level (Tables 4-9 ). The results of ANOVA are presented in Tables 10-12. The R a response results at the bottom are given in Table 4 . As can be seen, the parameter step-over in finishing (F) were the most influential on those analyzed. Following this, in order of importance, was the strategy on roughness (A). Both parameters, (F) and (A), were those that had the most effect on the S/N ratio (Table 5 ) and presented a p-value under 0.05 (Table 10 ).
The R a response results at the wall are given in Table 6 . In this case, the parameter for the step-over (F) was also the parameter with the greatest influence. Following this, in order of importance, was the strategy on finishing (C). Both parameters, (F) and (C) were those with the greatest effect on the S/N ratio ( Table 7) and presented a p-value under 0.05 (Table 11) .
The response results for EEC are presented in Table 8 . The step-over (F) was again the most influential parameter. It was followed by, in order of importance, the feed-rate programmed in the finishing operation (E). Both parameters, (F) and (E) were those that had the greatest effect on the S/N ratio ( Table 9 ). In this occasion, the parameters (F), (E), (D), (A), and (B) presented a p-value under 0.05 (Table 12 ). However, (F) and (E) had the highest importance, as they had the highest F-ratio.
In Figure 3 , the roughness of the base of the cavity obtained, in each of the tests, was related to the electrical energy invested in machining the aforementioned 3-D pocket (each point on the graph represents one test). Figure 4 shows the existing relation between the surface roughness obtained on the walls on each cavity with the active power used in its machining. The Ra response results at the bottom are given in Table 4 . As can be seen, the parameter stepover in finishing (F) were the most influential on those analyzed. Following this, in order of importance, was the strategy on roughness (A). Both parameters, (F) and (A), were those that had the most effect on the S/N ratio (Table 5 ) and presented a p-value under 0.05 (Table 10) .
The Ra response results at the wall are given in Table 6 . In this case, the parameter for the stepover (F) was also the parameter with the greatest influence. Following this, in order of importance, was the strategy on finishing (C). Both parameters, (F) and (C) were those with the greatest effect on the S/N ratio ( Table 7) and presented a p-value under 0.05 (Table 11) .
In Figure 3 , the roughness of the base of the cavity obtained, in each of the tests, was related to the electrical energy invested in machining the aforementioned 3-D pocket (each point on the graph represents one test). Figure 4 shows the existing relation between the surface roughness obtained on the walls on each cavity with the active power used in its machining. 
Discussion
The present work has studied the influence of cutting parameters and cutting strategies, as much in roughing as in finishing, relative to surface roughness and EEC used during the machining of molds. To this end, 32 molds were machined, following an orthogonal design of experiments. In addition, the combinations that showed the best results from the point of view of the EEC during the mold manufacturing cycle have been determined.
In the literature, this problem has been studied beforehand [9] . Nevertheless, no works have been found that take into account the parameters and strategies on the roughing phase [13] and approach of the reduction of EEC.
The results of the tests allow one to come to the following conclusions:  The step-over in the finishing (F) was the most influential in the surface roughness of the bottom (Tables 4 and 5 ) and of the walls of the 3-D pockets (Tables 6 and 7 ). This was confirmed in the analysis ANOVA (Tables 9 and 10) . Lower values of this parameter produced a better surface roughness; however, this choice meant a higher EEC (Tables 8 and 12 ). These results coincided with those obtained by Baptista and Antune [32] .

The strategy used in the roughing (A) had some influence on the surface roughness on the bottom of the 3-D pocket (Table 10 ). The use of ZZ gave a better surface quality (Tables 4 and 5) , although it resulted in greater EEC (Table 8) . No previous works have been found that have studied the influence of the roughing strategy on the final surface roughness. This finding can be considered the main contribution of the work.
The strategy used in finishing (C) was an influential factor on the surface roughness on the walls (Table 11 ). The ZZ (0°) produces a better surface roughness than the ZZ (45°) ( Tables 6 and 7) ; this was due to the contact tool-surface [14] . In the present study, strategy in finishing (C) had no relation to the EEC (Tables 8 and 12 ). However, diverse authors have compared other finishing strategies, concluding that a 3-D offset is the most efficient [13, 14] .  Certain parameters that do not seem to have much relevance on the surface roughness do however have an influence on the effective EEC during the manufacturing of the molds (Table  12) . This is the case with: axial depth of path in the roughing (B), spindle-speed used in finishing (D), and feed-rate in finishing (E). Oda et al. [33] also concluded that large feed rate values led to reduced power consumption. 
Discussion
The results of the tests allow one to come to the following conclusions:
• The step-over in the finishing (F) was the most influential in the surface roughness of the bottom (Tables 4 and 5 ) and of the walls of the 3-D pockets (Tables 6 and 7 ). This was confirmed in the analysis ANOVA (Tables 9 and 10) . Lower values of this parameter produced a better surface roughness; however, this choice meant a higher EEC (Tables 8 and 12 ). These results coincided with those obtained by Baptista and Antune [32] .
•
The strategy used in the roughing (A) had some influence on the surface roughness on the bottom of the 3-D pocket (Table 10 ). The use of ZZ gave a better surface quality (Tables 4 and 5 ), although it resulted in greater EEC (Table 8) . No previous works have been found that have studied the influence of the roughing strategy on the final surface roughness. This finding can be considered the main contribution of the work.
The strategy used in finishing (C) was an influential factor on the surface roughness on the walls (Table 11 ). The ZZ (0 • ) produces a better surface roughness than the ZZ (45 • ) (Tables 6 and 7) ; this was due to the contact tool-surface [14] . In the present study, strategy in finishing (C) had no relation to the EEC (Tables 8 and 12 ). However, diverse authors have compared other finishing strategies, concluding that a 3-D offset is the most efficient [13, 14] .
• Certain parameters that do not seem to have much relevance on the surface roughness do however have an influence on the effective EEC during the manufacturing of the molds (Table 12) . This is the case with: axial depth of path in the roughing (B), spindle-speed used in finishing (D), and feed-rate in finishing (E). Oda et al. [33] also concluded that large feed rate values led to reduced power consumption.
• Figure 3 shows a diagram of dispersion with the 32 tests undertaken, where the x-axis corresponds to EEC and the y-axis corresponds to the surface roughness on the bottom of the 3-D pocket.
Here there are two clusters of very polarized points. The first group is made up of the greater values of surface roughness (Ra > 0.9 micrometers) but which have required low EEC (EEC < 1000 kJ). The second group is made up of tests with low values of surface roughness (Ra < 0.5 micrometers) but are associated with high EEC values (EEC > 1000 kJ). In Figure 4 , relative to surface roughness on the walls, one can appreciate an additional group, between the aforementioned groups.
• Test 19 produced a better finish as much on the bottom as on the walls of the mold, requiring lower EEC. This test was undertaken with a roughness strategy CP, an axial depth of cut for roughness of 1 mm, a finishing strategy ZZ (0 • ), a spindle-speed of 6366 rpm, a feed-rate on the finishing of 1146 mm/min, and a step-over in the finishing of 0.1 mm.
• An adequate selection of parameters and strategies allowed for an improvement of 70% in the surface roughness of the mold, with an electrical energy saving of 40%.
The ZZ roughing strategy produced a remaining material whose morphology presented a clear directionality characteristic ( Figure 5 ). On the other hand, the CP strategy used for roughing produced a remaining material whose morphology presented steps whose height was equivalent to the depth of passage and multiple changes of direction were seen in the way in which these remains were presented in the form of steps. This difference in the morphology of the remaining material has been indirectly affected in the finishing results.
 Figure 3 shows a diagram of dispersion with the 32 tests undertaken, where the x-axis corresponds to EEC and the y-axis corresponds to the surface roughness on the bottom of the 3-D pocket. Here there are two clusters of very polarized points. The first group is made up of the greater values of surface roughness (Ra > 0.9 micrometers) but which have required low EEC (EEC < 1000 kJ). The second group is made up of tests with low values of surface roughness (Ra < 0.5 micrometers) but are associated with high EEC values (EEC > 1000 kJ). In Figure 4 , relative to surface roughness on the walls, one can appreciate an additional group, between the aforementioned groups.  Test 19 produced a better finish as much on the bottom as on the walls of the mold, requiring lower EEC. This test was undertaken with a roughness strategy CP, an axial depth of cut for roughness of 1 mm, a finishing strategy ZZ (0°), a spindle-speed of 6366 rpm, a feed-rate on the finishing of 1146 mm/min, and a step-over in the finishing of 0.1 mm.  An adequate selection of parameters and strategies allowed for an improvement of 70% in the surface roughness of the mold, with an electrical energy saving of 40%.
The ZZ roughing strategy produced a remaining material whose morphology presented a clear directionality characteristic (Figure 5 ). On the other hand, the CP strategy used for roughing produced a remaining material whose morphology presented steps whose height was equivalent to the depth of passage and multiple changes of direction were seen in the way in which these remains were presented in the form of steps. This difference in the morphology of the remaining material has been indirectly affected in the finishing results.
The load on the finishing endmill tool suffered many changes of direction and discontinuities when the remaining material presented the morphology obtained in the roughing by the CP strategy, while the directionality of the cutting load was more stable when it presented the morphology obtained in the case of the roughing ZZ.
This phenomenon caused by the changes of direction and discontinuities in the loading of the finishing tool may have caused more vibrations in the finishing tool and in the piece itself during the finishing operation. It has been possible to verify that when the load of the finishing tool was affected to a lesser extent by the changes of direction in the material to be eliminated, the obtained superficial quality was better. Figure 5 . Scheme of the morphology and points of discontinuity presented in the remaining material after roughing strategies, with contour parallel (up) and zig-zag (down).
Conclusions
In the present work, cutting strategies and cutting parameters in roughing and finishing stages have been studied in order to reach better surface roughness values with a lower EEC during the manufacturing of EN-AW 7075 T6 molds via a machining process. The load on the finishing endmill tool suffered many changes of direction and discontinuities when the remaining material presented the morphology obtained in the roughing by the CP strategy, while the directionality of the cutting load was more stable when it presented the morphology obtained in the case of the roughing ZZ.
This phenomenon caused by the changes of direction and discontinuities in the loading of the finishing tool may have caused more vibrations in the finishing tool and in the piece itself during the finishing operation. It has been possible to verify that when the load of the finishing tool was affected to a lesser extent by the changes of direction in the material to be eliminated, the obtained superficial quality was better.
In the present work, cutting strategies and cutting parameters in roughing and finishing stages have been studied in order to reach better surface roughness values with a lower EEC during the manufacturing of EN-AW 7075 T6 molds via a machining process.
The results obtained allow us to affirm that lower values in step-over in the finishing stage were absolutely necessary in order to obtain a good surface roughness (both in the bottom and on the walls of the mold), although this resulted in higher EEC.
The strategies for roughing and finishing had an influence on the surface roughness on the bottom and the walls, respectively. The strategy chosen for roughing also had an influence on the EEC of the machining center.
It has also been demonstrated that an adequate choice of values for certain variables (axial depth of cut in roughing, feed-rate in finishing, and spindle-speed in finishing) allowed for the manufacturing of molds with a lower EEC without negative repercussions on the resulting surface roughness. The most satisfactory test showed an improvement in surface quality of 70%, and a reduction in EEC of 40% (compared to the more unfavorable tests).
Future research will concentrate on searching for new parameters and strategies that allow even further reduction in EEC in the processes of manufacturing molds by machine production. A study will also be carried out on the wear of the tools and the influence of the use of coolant in the surface roughness and EEC.
